Abstract-A new reflectometric technique is proposed to measure the polarization mode dispersion (PMD) in optical fiber links with polarization-dependent loss. Based on the PMD dynamical equation, some important relations can be obtained to make the backreflection measurement of PMD possible. Thus we can perform the single-end spectral resolved measurement of the differential group delay and the differential attenuation slope in both frequency and time domains simultaneously. In principle, this technique can be realized using continue-wave or pulsed probe lights and based on far-end Fresnel reflection or distributed Rayleigh backscattering. Some experimental results confirm the validity of the proposed method.
Most of the polarization mode dispersion (PMD) measurement techniques require both fiber ends to implement the tests, consequently, field tests on installed cables are time consuming and not simple [1] . Thus the backscattering technique has been proposed to perform the single-end PMD measurement [1] [2] [3] . In an optical fiber link with polarization-dependent loss (PDL), due to the round-trip effect, the round-trip complex PMD vector W B = Ω B + i Λ B , which can be measured directly in the test, is only explicitly related with the first two elements of the complex PMD vector W = Ω + i Λ as [4] Ω
where Ω L = (Ω 1 , Ω 2 , 0) T and Λ L = (Λ 1 , Λ 2 , 0) T are the linear parts of the complex PMD vector, T denotes the matrix transpose. Moreover, due to the lack of equations, Eq. (1) can not be solved. As a consequence, the single-end PMD measurement in such optical fibers can not be realized up to now. In this paper, we propose a novel technique, which can perform the single-end spectral resolved PMD measurement in optical fibers with PDL. This technique is based on the PMD dynamical equation. Two equations expressing the third elements of the complex PMD vector, Ω 3 and Λ 3 , can be obtained by the backreflection measurements carried simultaneously in both frequency and time domains. Thus, combined with Eq. (1), the differential group delay (DGD) and the differential attenuation slope (DAS) can be deterministically achieved. In principle, this technique is applicable for both far-end Fresnel reflection and distributed Rayleigh backscattering; on the other hand, it can be performed using continuous-wave or optical pulse. For a fiber system with both birefringence and PDL, its Mueller matrix M meets the Lorentz transformation [5] . Thus, it has been demonstrated theoretically and experimentally that if we normalize M to make det M = 1, then [6] 
where α = (α 1 α 2 α 3 ) T and β = (β 1 β 2 β 3 ) T are the local PDL vector and local birefringence vector, respectively; Ω = (Ω 1 Ω 2 Ω 3 ) T and Λ = (Λ 1 Λ 2 Λ 3 ) T are the real and imaginary parts of the complex PMD vector. The round-trip Mueller matrix should be M B = RM T RM with R = diag(1 1 1 − 1) [4] and it is also a Lorentz transformation. Then we have
where
T are the local round-trip PDL vector and birefringence vector, respectively; Ω B = (Ω B1 Ω B2 Ω B3 ) T and Λ B = (Λ B1 Λ B2 Λ B3 ) T are the real and imaginary parts of the round-trip complex PMD vector. Considering
Taking the sum of two equations in Eq. (4), we obtain
We can easily obtain the PMD dynamical equation as
In optical fibers and components used in optical communications, at least over the wavelength range of interest, we have [7] ∂ α ∂ω = 0 and
Using Eqs. (6) and (7), we have
Because the right and left sides of Eq. (5) are similar matrices, they should have the same eigenvalues. Then
Due to
and β 2 L /ω 2 can be neglected as long as Ω 3 and Λ 3 is far larger than 0.8 fs at 1550 nm.
(Ω 2 3 − Λ 2 3 ) and Ω 3 Λ 3 can be solved from Eq. (11). We already know that DGD and DAS can be expressed as [8] 
Based on Eqs. (1) and (11), we cam calculate
It means DGD and DAS can be clearly achieved. In the telecommunication optical fiber links, optical fibers only have negligible PDL, and PDL mainly exists in some optical components. Then if the fiber section from z to z + ∆z has no PDL, Eq. (10) can be simplified as
If there is no PDL in the whole optical fiber link under test, then we obtain To verify the Eq. (14), an experimental setup is shown in Fig. 1 . The tunable laser source, polarization state generator and the polarimeter are controlled and synchronized by a computer. The polarization state at the port 1 of the circulator is tuned by the polarization state generator. At port 2, an APC connector is used to reduce the near-end Fresnel reflection. The FUT includes two 1 km-long single-mode fibers (SMF) and two 3 m-long Hi-bi fibers (Hibi), which are spliced together in the sequence of SMF-Hibi-SMF-Hibi. At the far-end of FUT, a mounting bracket is employed to guarantee the fiber far end is fixed in the measurement. And a 1 m-long SMF can be connected and disconnected with the FUT far end in order to induce the change of fiber length. Because the total fiber length is only approximately 2 km, the optical power contribution of Rayleigh backscattering can be neglected compared with the far-end Fresnel reflection [1] .
To measure Ω B and β B , Mueller matrix method (MMM) is employed [9] . The test is divided into three steps. Firstly the polarimeter is connected to port 3 of the circulator and the 1 m-long SMF is connected with the far-end of the FUT. The wavelength is tuned from 1550 to 1555 nm with 0.1 nm step size and the polarimeter measures the evolution of polarization states at port 3 with respect to optical wavelength [9] . Secondly the 1m-long SMF is removed and then the measurement is repeated with the same parameters. Now DGD evolution with respect to optical wavelength can be calculated based on Eq. (14). Finally the polarimeter is connected to the far-end of FUT to repeat the measurement in the forward direction. Then the forward measurement presents the DGD value at every wavelength to compare with the one measured using single-end technique. The experimental results are shown in Fig. 2 , and good agreement is observed. This confirms the validity our proposed single-end measurement method.
In the above measurement, two wavelength sweeping processes are performed and a short SMF is required to be connected and removed at the far-end of FUT. This is caused by the adoption of continuous-wave, which can make the experimental setup simpler. If a pulsed tunable laser source and an ultra-high speed polarization analyzer are employed, we can measure the polarization states of pulses reflected from two ends of the short SMF simultaneously, and then two above-mentioned issues can be overcome. But this will make the experimental setup more complex.
